Group II introns, which are dynamic bacterial elements, are ancestrally related to eukaryotic spliceosomal introns and retrotransposons 1,2 . Group II introns are self-splicing, but, like nuclear spliceosomal introns, they splice through two transesterification reactions, thus giving rise to an excised intron lariat and ligated exons 1 . Whereas nuclear intron splicing is catalyzed by a spliceosome, a complex ribonucleoprotein (RNP) assembly consisting of small nuclear RNAs (snRNAs) and multiple protein factors 3 , group II intron splicing is catalyzed by the intron ribozyme in complex with one intron-encoded protein (IEP) 1 . As mobile retroelements, these introns reverse-splice into DNA, wherein the reverse transcriptase (RT) of the IEP uses the intron RNA as a template for target-primed reverse transcription (TPRT) 4, 5 . Similarly, telomerase uses TPRT to extend chromosome ends 6, 7 . These structural and mechanistic parallels between group II and spliceosomal introns, as well as between group II introns and retroelements, suggest that these self-splicing retroelements have played an essential role in eukaryotic evolution.
and Supplementary Videos 1 and 2), peripheral regions had somewhat lower resolution (~6 Å), thus indicating an intrinsic flexibility. In most parts, the map showed clear secondary-and tertiarystructure characteristics of the RNA and protein components. These features allowed us to determine the 3D structure of the group IIA intron (Fig. 1b,c and Supplementary Video 1) and revealed some substructures not observed in group IIB and group IIC introns ( Fig. 2 and Supplementary Fig. 4b,c) . Classification of the cryo-EM data set revealed a 3D class with a shape similar to that of the RNA portion of the RNP complex; however, there was a complete lack of density for the IEP (Supplementary Fig. 3c and Table 1 ). Because the affinity purification was IEP based (Supplementary Fig. 1a) , this RNA form must have been depleted of LtrA after RNP binding to the affinity column. Refinement of this class to 4.5-Å resolution revealed conformational differences in the LtrA-depleted RNA ( Fig. 1d and Supplementary Fig. 4a ).
In the RNP structure, the intron RNA exhibits a rough Y shape, and the density corresponding to LtrA bridges the two arms of the Y by binding the DI and DIV domains (Fig. 1a,b) . In addition to clear secondary-structure features in most parts, the LtrA protein density also reveals some bulky amino acid side chains (Fig. 1c) , thus allowing modeling of the entire protein (Figs. 1b and 3a and Supplementary Fig. 5) . Notably, the DNA-binding and EN domains at the C terminus of LtrA appear to be dynamic, and the densities corresponding to these two domains are relatively less resolved ( Supplementary Fig. 5c ,e). Figure 3a , with the mRNA fragment in purple. (c) Examples of structural interpretation of the cryo-EM map. The first two panels show the main chain fittings of the LtrA RT fingers-palm and thumb domains, respectively, into the corresponding cryo-EM densities. The third and fourth panels show the fitting of an RNA segment (nt 2399-2402 and nt 2425-2428) and some bulky side chain residues in one of the best-resolved protein regions of the map (corresponding to LtrA aa 453-472), respectively. Local resolution is shown in Supplementary Figure 3c . Cryo-EM densities are shown as meshwork. (d) Extracted density (semitransparent gray) corresponding to the bound mRNA and its interacting partners, RNA (EBS1 and EBS2) and an α-helix within the thumb domain of the LtrA protein from the LtrA-bound RNP complex map (left) and the LtrA-depleted intron RNA map (middle). Fitted molecular models are labeled. Right, superposition of the EBSs from the LtrA-bound (cyan) and LtrA-depleted (slate gray) intron RNAs (additional structure comparisons in Supplementary Fig. 4) . (e) Presence of mRNA in the RNP complex. Primer extension analysis with an exon 2 primer revealed cDNA, 55 nt in length, corresponding to a trace of mRNA, which is barely visible in the RNP (lane 3) but clearly apparent after removal of the protein (lane 4). This band is absent in the catalytic-triad mutant (lane 5). WT, wild type; M, marker. Uncropped gel image is shown in Supplementary Data Set 1. Additional data are in Supplementary  Figures 1-4 and Supplementary Videos 1 and 2. npg a r t i c l e s
The intron ribozyme
The core regions of the intron RNA within the LtrA-bound and LtrA-depleted forms showed similarity to structures of group IIB and group IIC introns 9, 10 (Figs. 1b and 2a and Supplementary Fig. 4 ). Because group IIA and IIB introns have additional peripheral RNA helices, they are more similar to each other than to the smaller group IIC intron. Therefore, we mainly focused on the comparison between group IIA (the LtrA-bound form, which was better resolved and more complete) and IIB introns.
Regarding group IIB and IIC introns 9, 10 , DI of Ll.LtrB contains exon-binding sites, EBS1, EBS2 and δ, which base-pair to specify sites for splicing and retromobility into DNA 1 (Fig. 2) . Interestingly, we found that in the absence of LtrA, EBS1 is disordered, whereas EBS2 adopts a slightly different conformation ( Fig. 1d and Supplementary  Fig. 4a) . DI in the group IIA Ll.LtrB intron possesses additional structural features not previously observed, for instance, the β-β′ interaction 17 ( Fig. 2 and Supplementary Fig. 4b ), a result consistent with biochemical studies 18 , and a unique RNA helix, d(iii)a, that interacts with the LtrA protein (Fig. 4c) .
DII and DIII, which enhance the catalytic activity and interact via τ-τ′ in the IIB intron 9 , lack this interaction in Ll.LtrB, from which a requisite hairpin is absent. However, tertiary interactions between DII and DVI (π-π′ and η-η′) 9 are present in both types of intron (Fig. 2a) . DIV, which both encodes and interacts with LtrA, is longer and adopts a different conformation than in the group IIB intron ( Supplementary Fig. 4c) , and it comprises two hairpin-like branches that emerge from one basal stem. This difference may be inherent, or attributed to engineering of this region to remove coding sequences, or due to the absence of an IEP in previous structural studies. DV, the main catalytic domain, is highly conserved across the group II introns and exhibits the best-defined structure in the EM map.
Surprisingly, there is a clear density accommodating a 12-nt strand of nucleic acid running along EBS1 and EBS2 of DI in our RNP structure (Fig. 1b,d and Supplementary Video 3) . We assumed that this strand represents the ligated exons that have remained associated with the intron by using intron-binding sites (IBSs), as also observed after splicing of reconstituted RNPs in vitro 19 , and that the rest of the loosely associated portion of the mRNA has been degraded or is disordered. This supposition was supported by traces of mRNA found in RNP particles from which the IEP had been removed; primer extension analysis showed cDNA corresponding to the ligated exons (trapped mRNA ~5% of total ligated exons; Fig. 1e) . Moreover, our LtrA-depleted intron structure lacks density for mRNA (Fig. 1d) , thus suggesting a concomitant release of mRNA along with the IEP. Nevertheless, how this mRNA is displaced to allow DNA targeting in the presence of the IEP is a matter of conjecture (discussed below).
LtrA, a bacterial RT similar to telomerase and Prp8 RTs
LtrA is a multidomain protein consisting of an RT domain, a DNA-binding domain (DBD) and an EN domain 20 ( Fig. 3a and Supplementary Fig. 5 ). The RT domain is further divided into three subdomains: the N-terminal domain (NTD), a fingers-palm domain containing the catalytic residues and a thumb domain corresponding to the maturase (sometimes referred to as domain X) (Fig. 3a-c) . The DBD appears to be specific to LtrA, whereas the C-terminal HNH endonuclease is widely used by mobile bacterial elements to initiate homing 21 . These modules are variously involved in RNA binding, splicing and reverse-splicing (NTD, fingers-palm, thumb and DBD), DNA binding (DBD), cDNA synthesis (RT fingers-palm) and target DNA cleavage (EN).
In contrast to previous suggestions that LtrA interacts with the group IIA intron as a dimer, as does HIV-RT 16, 19, 20, 22 , in our structure, LtrA interacts as a monomer (Fig. 1a,b and Supplementary Video 1). This discrepancy with particles generated both in vitro 19, 22 and in vivo 16 remains unexplained, but interestingly, most telomerase RTs (TERTs), which maintain the integrity of chromosome ends, and the pre-mRNA-processing protein 8 (Prp8) at the heart of the spliceosome also bind their cognate RNAs as monomers [23] [24] [25] [26] [27] [28] . The possibility of LtrA-dimer formation in the RNP is ruled out because we did not observe cryo-EM density that would accommodate another molecule of LtrA, and moreover some of the regions proposed to be involved in dimerization 20 are occupied in RNA-protein interactions (Fig. 1b) . Consistently with this observation, LtrA carries an insertion in the fingers domain (IFD) that is also present in Prp8 (Fig. 3) and in the catalytic subunit of TERT 29, 30 (Fig. 3) but not in the previously suggested homolog HIV-RT 20 (Fig. 3a-d, Supplementary Fig. 6d and Supplementary Videos 3-5). Further dissection of the LtrA protein indicated its similarity to TERT and Prp8.
The NTD of LtrA, which contains a β-hairpin and three α-helices, is unique among characterized RTs and has probably evolved to contact DIVa and anchor LtrA to the RNA template for TPRT 31 . The NTD has thus been proposed to be a functional equivalent to a telomerase RNA-binding domain (TRBD) 29, 30 . The fingers-palm and thumb domains form a 'right-hand' configuration of a typical RT with all seven RT motifs, RT-1 to RT-7 (Fig. 3a,c and Supplementary Fig. 6d ). 
Intron RNA-LtrA protein interactions
The LtrA protein makes multiple contacts with specific regions of DI and DIV in the intron RNA (Figs. 1a,b and 4) . Here, we describe the RNA-protein contacts within 4 Å of each other. DI is intimately involved in interactions with the C-terminal half of LtrA, including the DBD, thumb domain and regions of the fingers-palm. Whereas the β-strand of the DBD interacts with the RNA helix c2(ii) of DI (Fig. 4a) , the third α-helix (Tα3) of LtrA's thumb domain interacts with DI primarily through the bound 12-nt exon fragment ( Fig. 4b,d) . Thus, the exon-binding sites EBS1 and EBS2 are primarily occupied by the mRNA fragment present in our RNP structure. Additionally, we found that EBS1 and EBS2 adopt different conformations in LtrA-depleted intron RNA, which lacks mRNA ( Fig. 1d) , thus corroborating a previous study on a group IIC intron, which has shown that conformational changes of the EBSs are related to exon recognition 33 . The loop region of the DBD also interacts with DI through the mRNA (Fig. 4d) . This segment of the DBD includes three basic amino acids, RRY (aa 501-503), that have previously been shown to affect reverse-splicing activity 34 . Notably, Tα3 of the thumb domain, which directly contacts the EBS-IBS duplex (Fig. 4d) , contains the amino acid sequence EYSC (aa 460-463), which has been suggested by unigenic evolution screening to interact with the core region 35 . Additionally, the tip of α-helix 5 (FPα5) and loops between β-sheets of the LtrA fingers-palm domain (RT-7 motif, as described in ref. 35) interact with the RNA hairpin Id(iii)a of DI (Fig. 4c) . We also observed clear interactions of the ti loop 20 of LtrA's thumb domain, encompassing Lys407, Lys408, Asp409 and Phe413, with a cavity formed by the apical loops of RNA helices Id3(ii) and Id(iii) of DI (Fig. 4g) .
The NTD and fingers of LtrA interact with DIVa ( Fig. 4e,f) . While the NTD terminal α-helices interact with DIVa helix iii (Fig. 4e) , the fingers' α-helix 4 (FPα4) and the connecting β-strand interact with the RNA helices DIVa(i, ii) (Fig. 4f) . These results are substantially in accord with previously described protein-RNA interactions including those involving the Shine-Dalgarno sequence, which is required for LtrA translation 12, 13, 35 . More generally, the observed interactions of the NTD and fingers domain with DIVa, and of the palm, thumb and DBD with DI of the Ll.LtrB intron, are consistent with results from previous biochemical studies [11] [12] [13] 31, 34, 35 .
In our structure, as in group IIB and IIC introns 9,10 , the catalytic core for splicing and reverse splicing comprises the AGC triad, the dinucleotide bulge from DV and a conserved guanosine (G471 here) in J2/3, the junction between DII and DIII (Fig. 5) . In the IIB and IIC introns, these conserved residues coordinate magnesium ions for catalysis 9, 10 . Additionally, the group IIA intron's 5′ and 3′ ends are in npg a r t i c l e s proximity to the core, whereas the bulged adenosine branch point in DVI and the lariat structure formed between the 5′ end of the intron and the adenosine branch point are adjacent (Fig. 5) . Moreover, the exon-binding sites EBS1 and EBS2 are in the vicinity of the core. Notably, the current structure allows the intron active site to be viewed in the context of the IEP, whose thumb domain interacts with both the EBSs and the IBS-containing mRNA.
DISCUSSION
This work provides an unprecedented view of the interactions between a catalytic intron RNA and its cognate protein that facilitate RNA catalysis. Furthermore, the structural analysis of the IEP highlights ancestral relationships with related proteins: bacterial LtrA comprises domains with structural similarities to spliceosomal Prp8 RT and telomerase RT from eukaryotes. Parallels to Prp8 suggest the role of the protein in RNA splicing, and similarities to TERT reveal how the intron RNP uses the RT domain and a bacterial HNH endonuclease domain of the IEP to prepare for DNA integration and TPRT.
How the IEP facilitates splicing reactions
The stability of the LtrA-depleted intron RNA structure (Supplementary Figs. 3c and 4a) indicates that whereas LtrA assists in intron folding 36 , it is not needed for maintenance of the overall RNA structure. Instead, after RNA folding, LtrA is specifically required for interactions involved in RNA splicing and retrohoming. One difference from the LtrA-bound structure is in DIVa, the primary IEP-binding site, which is disordered in the absence of the LtrA (Supplementary Fig. 4a) . Strikingly, in the absence of LtrA, the mRNA, which is sandwiched between EBSs and the thumb domain of LtrA in the RNP complex, is lost, thus leaving the loops of the EBSs, particularly of EBS1, disordered ( Fig. 1d and Supplementary  Fig. 4a) . Similarly, disordered EBSs of a group IIC intron become ordered by providing exogenous mRNA 33 . These observations imply that LtrA has a direct role in stabilization of EBS-IBS interactions. Thus, whereas initial high-affinity binding of LtrA to DIVa anchors the protein and regulates its translation 12 , interactions with DI not only enhance binding 11 but, most importantly, provide key functional interactions for splicing and reverse splicing.
We propose that the EBS-IBS interaction can form independently but is stabilized by RNA-protein interactions. Interestingly, LtrA binds less tightly to spliced intron RNA than to the exon-containing precursor, and LtrA binding to the intron lariat is enhanced by RNA or DNA oligonucleotides corresponding to IBS sequences 11 . These castaneum TERT (PDB 3DU5, left; sequence alignment in Supplementary  Fig. 6a ) and thumb domain with that in Saccharomyces cerevisiae Prp8 (PDB 3ZEF, right; sequence alignment in Supplementary Fig. 6b ). Figures 2b and 3a , respectively. npg a r t i c l e s observations have implications for promoting both RNA splicing and reverse-splicing into RNA or DNA by involving the maturase thumb domain, which would promote splicing by stabilizing the EBS-IBS duplex, an action that may also facilitate reverse splicing into DNA for retrohoming.
Active sites of the Ll.LtrB intron and the spliceosome
Our study supports the idea of common ancestry between group II introns and the spliceosome. Beyond the structural similarities between LtrA and Prp8 (Fig. 3b-d and Supplementary Figs. 7b,c  and 8b) , these proteins interact with the equivalent RNA components that direct 5′-splice-site recognition: the EBS1 loop in the group II intron and the U5 loop I in the spliceosome (Fig. 6a,b) . Remarkably, the thumb domains of LtrA and Prp8 interface with their respective EBS1-exon and U5-exon complexes (Fig. 6) . Similarly, the active site helices, catalytic residues and branch points are analogous between DV and DVI of the group II intron and U6-U2 snRNAs 1,2,8-10,28,37,38 ( Figs. 5 and 6 ). In the spliceosome, U6 and U2 partner while U2 base-pairs with the intron, thereby presenting the bulged adenosine to the active site helix and catalytic triad formed mainly by U6 (ref.
3). This process is similar to how DVI of the group II intron presents the bulged adenosine to the active site helix of DV (Fig. 6) , which in turn is in juxtaposition with EBS1-exon 1 for catalysis at the 5′ splice site 37, 38 . In both cases, the thumb domain of the respective protein buttresses these conserved interactions.
Structure-function similarities between LtrA and TERT
Both group II intron retrohoming and telomere lengthening occur by TPRT [5] [6] [7] (Fig. 7a) . Whereas TERT uses telomerase RNA as the template and the chromosome 3′ end as a primer, LtrA uses the group II intron RNA that is reverse-spliced into the target DNA as a template, and the opposite strand is cleaved by the EN domain, thus generating a 3′ end as a primer.
Considerable progress has recently been made on the structure of telomerase from both protozoa and beetles 24, 29, 30 . Similarly to the case with TERT, a ~25-Å-diameter cavity formed by LtrA is able to accommodate a DNA-RNA heteroduplex (Fig. 7a) . Docking of the DNA-RNA heteroduplex from the model of Tribolium castaneum TERT 30 (PDB 3KYL) into the analogous cavity of LtrA shows that although the RT-1 and RT-2 loop partially penetrates the RNA-DNA heteroduplex, there is no perturbation of the main protein structure. Notably, many other features of the active center of TERT and LtrA are similar. Two of the three identical active site aspartate residues, D343 and D344 in LtrA, are catalytically essential for reverse transcription but not for splicing 14, 35 . Additionally, most of the residues that Figs. 6a,d and 7a,b) . These observations are consistent with LtrA initiating cDNA synthesis in TPRT in a manner similar to TERT.
An intron RNP poised for retrohoming
Our structure of the postsplicing RNP represents a functional state ready to target DNA for reverse splicing after displacement of the mRNA (Fig. 8a) . Topographies of the RT, DBD and EN domains provide insight into subsequent steps toward TPRT while raising some mechanistic questions. The first question is how the mRNA is removed, such that the double-stranded DNA (dsDNA) can be scanned by the RNP, and the IEP can melt the IBS and thereby allow base-pairing between the intron RNA's EBSs and the DNA top strand. Dissociation of the RNP from the ligated exons might possibly occur during translation or in the initial steps of retromobility, by replacement of the mRNA with DNA 1, 39 . Although this question remains unanswered, the mRNA resolved in the current cryo-EM structure is the equivalent of the DNA top strand, and the RNP structure indicates that the EBS-IBS interaction is stabilized by LtrA's thumb domain (Figs. 4b,d, 5 and 8b) . On the basis of this premise, the DNA insertion site (IS) on the top strand is brought to the active site (DV) in proximity to DVI and the intron lariat, for reverse splicing (Fig. 8b,c) . Because RNP invasion of the top DNA strand is a relatively unfavorable event 40 , we propose that the IEP's DBD domain, which stacks on the thumb, would be positioned to interact with the 3′ exon downstream of the IS and to trap intron invasion products. This interaction occurs through recognition of the single T+5 residue 39 and also results in bending of the DNA 41 . The EN domain next to the DBD tips toward the entrance of the cavity of LtrA (Fig. 3a) , thus suggesting that dsDNA bending may bring the DNA cleavage site (CS) to the EN active site in LtrA (Fig. 8b) . EN cleavage of the bottom strand to generate the 3′-OH primer for cDNA synthesis, 9 nt downstream of the IS, then occurs after reverse splicing of the intron into the top DNA strand (Fig. 8c) .
After reverse splicing, the DNA-RNA hybrid would be enveloped within the LtrA cavity, but the RT active site is 45 Å from the EN active site, thus raising a second question of how this distance is bridged. Importantly, the EN domain appears to be partially disordered (Supplementary Fig. 5c ), thus hinting at its conformational flexibility and also suggesting that its precise state may control cleavage activity, as does the HNH nuclease domain of Cas9 in the CRISPR system 42 . However, larger structural rearrangements of the trimolecular DNA-RNA-protein complex must be invoked to bring the 3′-OH primer to the RT active site (Fig. 8d) . Possibly, the interaction of LtrA with DIV, which provides the main anchoring site for LtrA on the intron, is maintained while the weaker interactions with DI are relaxed, thus enabling translocation of the RNA-DNA templateprimer, LtrA protein or both. The cleaved DNA 3′ end in proximity to the triaspartate active site of LtrA RT would then prime TPRT for intron retrohoming.
Evolutionary relatedness to spliceosomes and telomeres
Clearly, the group II intron RNP is a molecular mosaic of endonuclease and RT domains. The RT domain of the bacterial LtrA is structurally related to cellular functions in extant eukaryotes; the RNA-binding thumb resembles Prp8 of the spliceosome in structure, whereas the catalytic fingers and palm appear more akin to telomerase TERT. Prp8, which is present in primitive eukaryotes, also forms a large internal cavity thought to interact in spliceosomes with the 5′ and 3′ splice sites and the branch-point adenosine 32 . There is little doubt that group II intron RNAs are ancestral to the spliceosome and are the likely donors of the snRNAs; moreover, the hypothesis that the group II IEP gave rise to Prp8, which then lost RT activity, is also favored 2, 27, 32, 43 .
TERT, which is present in the earliest phylogenetic branches of eukaryotes, performs telomere addition by a TPRT mechanism similar to that used in group II intron retrotransposition 6, 7 . Cellular TERT may have evolved from a parasitic intron to solve the problem of protecting chromosome ends, or opportunistic introns may have recruited primitive cellular RTs to invade genomes. Here too a group II intron origin for telomerase is favored 6, 7, 44 . If spliceosomal Prp8 and TERT are assumed to have a group II intron origin, then the npg a r t i c l e s components of the structure were presumably subjected to different evolutionary pressures, in which the thumb domain of Prp8 was constrained in the spliceosome by specific RNA interactions involved in splicing, whereas the palm and fingers in TERT were under evolutionary pressure to maintain RT function. In each case, the RT domain would coevolve with the RNA on which it acts. Regardless, structural and functional parallels between RNA-protein interactions involved in exon recognition by the group II intron RNP and the spliceosome and between TPRT in intron mobility and telomere lengthening are inescapable.
METHODS
Methods and any associated references are available in the online version of the paper. a rigid body into the cryo-EM density. This initial docking revealed substantial conformational differences between the crystallographic structure of the group IIB intron and our cryo-EM density. To obtain a better fit, individual domains in the group IIB intron structure were computationally separated and docked independently into the cryo-EM density with Chimera 53 . Although the docking of the RNA helices in the conserved core region was straightforward, most of the peripheral and nonhomologous RNA helices that did not fit into the cryo-EM map were deleted. In the next step, nucleotides in the best-fit regions were mutated according to the sequence of the group IIA intron with Coot 54 , which also matched better to the cryo-EM density. To build the nonhomologs helices, the sequence and secondary structure of the group IIA intron 18 were used to generate 3D models for individual RNA helices, with the RNAComposer package 55 . Each of these helices was individually fit into the corresponding cryo-EM density and then connected with Coot. In the final model, most of the helices in the core region retained a very similar structure to that of initial group IIB structure (Supplementary Fig. 4b) .
Modeling of the LtrA protein.
To obtain an initial model, the online homology modeling servers I-TASSER 56 and Phyre 57 were used. These servers take the sequence information provided by the user to search the entire Protein Data Bank (PDB) for homologous structure and use multiple structural templates to generate the final homology model. The I-TASSER gives the top five homology models, whereas Phyre gives a single homology model. The homology modeling with both I-TASSER and Phyre servers failed to generate a full-length model of LtrA that could be rigid-body-docked into the cryo-EM density corresponding to the LtrA protein. Therefore, modeling of individual domains was pursued, according to structural-domain information in the previously reported homology model of LtrA 20 . For the homology models of the RT and fingers-palm (residues 82-360) both I-TASSER and Phyre servers yielded very similar models that could be easily docked into the cryo-EM mass corresponding to the LtrA fingers-palm region (Supplementary Fig. 5a ). This model was further adjusted wherever necessary, and few small segments of α-helices were modeled on the basis of structural features in our cryo-EM density (Supplementary Fig. 5a ). The final fitted model retains the same fold and shows an r.m.s. deviation of 1.9 Å with the initial homology model (Supplementary Fig. 5a ). Similarly, the initial homology model of the thumb domain (residues 424-473) was docked in the corresponding cryo-EM mass (Supplementary Fig. 5b ). The complete thumb domain (residues 391-474) was built on the basis of secondary-structure prediction (http://www.compbio.dundee.ac.uk/jpred/) and structural features in the cryo-EM map (Supplementary Fig. 5b) . The model building for the ti loop within the thumb domain was also supported by the clearly observed cryo-EM densities for bulky side chain residues (Fig. 4g) . The final model retains the three helices (Supplementary Fig. 5b ) and has an r.m.s. deviation of 1.6 Å with the initial model. To eliminate the potential model bias of TERT and Prp8 in our homology modeling for the fingers-palm and thumb domains, we also intentionally removed TERT and Prp8 from the database and performed the homology modeling again. We found little difference in the final modeling outcome compared with that obtained when we used the entire database.
For the modeling of the EN domain, the antiparallel β-sheet of the initial EN homology model (residues 525-591) was docked in the cryo-EM map (Supplementary Fig. 5c ). The α-helix was subsequently modeled into the cryo-EM mass (Supplementary Fig. 5c ). This helix in all five homology models obtained from I-TASSER shows different conformations and does not make any tertiary interaction with EN domain, thus allowing us to move this helix with respect to the antiparallel β-sheet, into the density. Cryo-EM masses corresponding to the loop regions that connect the antiparallel β-sheet were disordered in our map, and therefore the loop region was not modeled (Supplementary Fig. 5c ). The final model retains the antiparallel β-sheet that is characteristic of HNH endonuclease (Supplementary Fig. 5c ) and shows an r.m.s. deviation of 1.7 Å with the initial homology model. The homology models obtained for the NTD and DBD could not be rigid-body docked in the corresponding cryo-EM mass. To model the NTD and DBD, secondary-structure prediction with JPred4 (http:// www.compbio.dundee.ac.uk/jpred/) and matching of the secondary structure within cryo-EM mass were applied (Supplementary Fig. 5d,e) . Because of weaker densities and relatively low resolution for the DBD and the EN domains in our highest 3.8-Å-resolution cryo-EM map, we used a lower-resolution (5 Å) map to partially model these domains (Supplementary Fig. 5c,e) . Disordered densities for the DBD and EN domains in our highest-resolution (3.8-Å) map, might be due to the flexibility of these domains in the absence of a substrate DNA, which may be needed to stabilize these domains through functional interactions. All individually fitted domains were connected subsequently with Coot. In the final LtrA model, residues 1-3, 252-301, 364-374, 503-524, 562-580 and 592-599 were not modeled. The models of the group IIA intron and LtrA protein were combined and refined in two steps: first, with the Molecular Dynamics Flexible Fitting (MDFF) protocols 58 and subsequently with the PHENIX software 59 . MDFF was performed by applying restraints to maintain the secondary structures, cis peptides and chirality of the molecule. An initial 2,000 cycles of energy minimization were followed by 20 ps of flexible fitting with a gscale value of 0.3. The structure obtained after MDFF was subjected to real-space refinement, by applying secondary-structure restraints in PHENIX. Iterative cycles of model building in Coot and model refinement in PHENIX were performed.
For the model building of the LtrA-depleted group II intron, the RNA from the final refined model of the RNP complex was docked into the cryo-EM map. Disordered regions were deleted, and the structure was refined with PHENIX. The final models were validated with MolProbity 60 ( Table 1) . The FSC curves calculated between the final RNP model and the map, and between the model for the best-resolved RNA domain V and the corresponding density in the cryo-EM map, are shown in Supplementary Figure 4d. 
